


































































































































































Falls Lake Nutrient Response Model Provisional Draft Report  Page 72 
 

 

 
Fig. III-37. Time series plots of model-simulated (lines) and observed (stars) DO 

concentrations at NEU019P in 2005 (upper panel) and 2006 (lower panel). 
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Fig. III-38. Scatter plots of model-simulated and observed DO variations at all 

stations in 2005 (upper panel) and 2006 (lower panel). 
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IV. Model Validation 

 Validation is the process of determining the degree to which a model, simulation, 

or federation of models and simulations, and their associated data are accurate 

representations of the real world from the perspective of the intended use(s) 

(http://en.wikipedia.org/wiki/Verification_and_Validation_(software)).  

 In this project, model validation was conducted by keeping all model parameters 

from the 2005 calibration, running the model with 2007 forcing functions, and 

comparing the model results with field data collected during 2007.  

 The choice of using the parameter set generated from the 2005 model calibration 

was made because both 2005 and 2007 are considered dry years. The lake 

hydrodynamics and the biogeochemical functions in the lake were assumed to be 

similar during 2005 and 2007.  

 As shown in the following figures (Fig. IV-1 to IV-39), the model has an overall 

reasonable representation of the observations during the validation period. The 

average errors associated with model prediction are much less than the standard 

deviation from the observations, and the RMSE associated with the model prediction 

is less than or equivalent to one standard deviation of the observations (Table IV-1). 

The overall fit for 2007 is not as good as in 2005-2006. The field data show that the 

thermocline during 2007 appeared to be more significant in deep regions of Falls 

Lake than during 2005-2006. By adopting all model parameters from 2005, the 2007 

model moderately over-predicted water temperature at the third and fourth model 

layers during summer months at the deeper regions of the lake (Fig. IV-3 to IV-6). 
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Table IV-1. Statistics for 2007 model validation results 

 RE AE SDobs R2 RMSE RMSE/SDobs CE pBias 

Water level -0.003 -0.20 0.71 0.97 0.24 0.34 0.88 -0.27% 

Temperature 0.09 1.72 7.96 0.95 2.98 0.37 0.86 9.34% 

TSS -0.48 -7.75 17.27 0.07 22.50 1.27 -0.70 -47.60%

Chl-a -0.18 -7.50 29.52 0.33 25.47 0.86 0.26 -18.43%

TOC -0.06 -0.49 1.50 0.08 1.60 1.06 -0.14 -5.64% 

TN -0.20 -0.20 0.72 0.35 0.66 0.92 0.15 -20.24%

TP -0.45 -0.04 0.11 0.01 0.12 1.09 -0.16 -44.6% 

DO 0.06 0.43 3.26 0.73 1.79 0.55 0.70 6.00% 

 

0 30 60 90 120 150 180 210 240 270
74

74.5

75

75.5

76

76.5

77

77.5

78

E
le

va
tio

n 
(m

)

DAM 2007

 

 

MOD
OBS

 

Fig. IV-1. Time series plot of modeled and observed water level variation during 

2007. 
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Fig. IV-2. Scatter plot of modeled and observed water level variation during 2007. 
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Fig. IV-3. Time series plot of modeled and observed water temperature variation at 

NEU 013B during 2007. 
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Fig. IV-4. Time series plot of modeled and observed water temperature variation at 

NEU 018E during 2007. 
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Fig. IV-5. Time series plot of modeled and observed water temperature variation at 

NEU 019P during 2007. 
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Fig. IV-6. Scatter plot of modeled and observed water temperature variation at all 

stations during 2007. 

 

Fig. IV-7. Time series plot of modeled and observed TSS variation at NEU 013B 

during 2007. 
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Fig. IV-8. Time series plot of modeled and observed TSS variation at NEU 018E 

during 2007. 

 

Fig. IV-9. Time series plot of modeled and observed TSS variation at NEU 019P 

during 2007. 
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Fig. IV-10. Scatter plot of modeled and observed TSS variation at all stations during 

2007. 

 
Fig. IV-11. Time series plot of modeled and observed chl-a variation at NEU 013B 

during 2007. 
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Fig. IV-12. Time series plot of modeled and observed chl-a variation at NEU 018E 

during 2007. 

 
Fig. IV-13. Time series plot of modeled and observed chl-a variation at NEU 019P 

during 2007. 
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Fig. IV-14. Scatter plot of modeled and observed chl-a variation at all stations during 

2007. 

 
Fig. IV-15. Time series plot of modeled and observed TOC variation at NEU013B 

during 2007. 
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Fig. IV-16. Time series plot of modeled and observed TOC variation at NEU018E 

during 2007. 

 
Fig. IV-17. Time series plot of modeled and observed TOC variation at NEU019P 

during 2007. 
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Fig. IV-18. Scatter plot of modeled and observed TOC variation at all stations during 

2007. 

 
Fig. IV-19. Time series plot of modeled and observed PO4 variation at NEU013B 

during 2007. 
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Fig. IV-20. Time series plot of modeled and observed PO4 variation at NEU018E 

during 2007. 

 
Fig. IV-21. Time series plot of modeled and observed PO4 variation at NEU019P 

during 2007. 
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Fig. IV-22. Time series plot of modeled and observed TP variation at NEU013B 

during 2007. 

 
Fig. IV-23. Time series plot of modeled and observed TP variation at NEU018E 

during 2007. 
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Fig. IV-24. Time series plot of modeled and observed TP variation at NEU019P 

during 2007. 
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Fig. IV-25. Scatter plot of modeled and observed TP variation at all stations during 

2007. 
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Fig. IV-26. Time series plot of modeled and observed NH4 variation at NEU013B 

during 2007. 

 
Fig. IV-27. Time series plot of modeled and observed NH4 variation at NEU018E 

during 2007. 
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Fig. IV-28. Time series plot of modeled and observed NH4 variation at NEU019P 

during 2007. 

 
Fig. IV-29. Time series plot of modeled and observed NOx variation at NEU013B 

during 2007. 
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Fig. IV-30. Time series plot of modeled and observed NOx variation at NEU018E 

during 2007. 

 
Fig. IV-31. Time series plot of modeled and observed NOx variation at NEU019P 

during 2007. 
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Fig. IV-32. Time series plot of modeled and observed TKN variation at NEU013B 

during 2007. 

 
Fig. IV-33. Time series plot of modeled and observed TKN variation at NEU018E 

during 2007. 



Falls Lake Nutrient Response Model Provisional Draft Report  Page 92 
 

 
Fig. IV-34. Time series plot of modeled and observed TKN variation at NEU019P 

during 2007. 
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Fig. IV-35. Scatter plot of modeled and observed TN variation at all stations during 

2007. 
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Fig. IV-36. Time series plot of modeled and observed DO variation at the 4 model 

layers at NEU013B during 2007. 

 
Fig. IV-37. Time series plot of modeled and observed DO variation at the 4 model 

layers at NEU018E during 2007. 
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Fig. IV-38. Time series plot of modeled and observed DO variation at the 4 model 

layers at NEU019P during 2007. 
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Fig. IV-39. Scatter plot of modeled and observed DO variation at all stations during 

2007. Error bars indicate vertical variations. 
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V. Limitation Factors for Phytoplankton Growth 

Multiple factors limit phytoplankton growth in lakes and estuaries. 

Phytoplankton growth (P) is represented in the model as the multiplication of 

maximum phytoplankton growth rate (PM, in day-1), a nutrient limitation function 

(f1(N), 0 ≤  f1 ≤ 1), a light limitation function (f2(I), 0 ≤ f2 ≤ 1), and a temperature 

function (f3(T), 0 ≤ f3 ≤ 1):  

)()()( 321 TfIfNfPMP   (V-1) 

 

a. Nutrient limitation 

The effect of nutrient limitation on phytoplankton growth (silica is assumed to 

be abundant enough not to be a limiting factor for diatom growth in the model) is 

expressed in the model as: 

),min(),min()( 11
4

4

34

34
1 PN ff

dPOKHP

dPO

NONHKHN

NONH
Nf 




  (V-2) 

where KHN is the half-saturation constant for nitrogen uptake, KHP is the 

half-saturation constant for phosphorus uptake, PO4d is the dissolved portion of total 

phosphate, and f1N and f1P refer to the nitrogen and phosphorus limitation functions, 

respectively.  

 

b. Light limitation  

The effect of light on phytoplankton growth takes the form of a daily and 

vertically integrated version of Steele's equation (Steele, 1962): 

)(
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where FD is the fractional day length (0 ≤ FD ≤ 1), Kess (in m-1) is the total light 

extinction coefficient, Δz is the model layer thickness, I0 (in langleys day-1) is the 
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daily total light intensity at water surface, Is (in langleys day-1) is the optimal light 

intensity for the simulated phytoplankton group, and HT is depth from the free surface 

to the top of the model layer. 

 Light extinction in the water column was approximated with a four-component 

model including: light absorption by water itself, extinction due to suspended particles 

(KeTSS), and extinction due to light absorption by ambient chlorophyll: 

 ChlKeTSSKeKeKess ChlTSSb   (V-6) 

where Keb (in m-1) is the background light extinction coefficient, KeTSS (in m-1 per g 

m-3) is the light extinction coefficient for total suspended solids (TSS, in g m-3), and 

KeChl (in m-1 per mg Chl m-3) is the light extinction coefficient for chl-a (Chl, in mg 

Chl m-3).  

 

c. Temperature Limitation 

 A Gaussian probability curve is used to represent the temperature dependency of 

phytoplankton growth (Park et al., 1995b; Cerco and Cole, 1994): 
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where T is the water temperature and TM1 (20ºC is used) and TM2 (26ºC is used) are 

the lower and upper bounds of optimal temperature for phytoplankton growth, 

respectively. KTG1 (0.005) and KTG2 (0.005) are constants relating to the effect of 

water temperature below TM1 and above TM2, respectively.  

 For the three algal species (blue-green algae, diatoms, and other) simulated in 

the model, parameters related with nutrient and light limitations were kept the same. 

Parameters related with temperature dependency (TM1 and TM2) were specified at 

different values for different algal species. Therefore, nutrient and light dependency 

functions (f1(N) and f2(I)) were the same for the three algal groups and the values of 

f3(T) were different.   
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 Figure V-1 shows the model-simulated limitation functions as “Nutrient” 

(minimum of f1N and f1P), “Light” (f2(I)), and “Temperature” (f3(T) for “other algal 

species”) at the monitoring stations in Falls Lake during 2006. 

 The model results suggest that nutrients severely limited phytoplankton growth, 

especially at the surface waters. This finding confirms that water-quality conditions in 

Falls Lake are nutrient sensitive. The effective nutrient limitation function was 

between 0-0.2 for most of the time throughout the surface waters of the entire Falls 

Lake. The lower the value the limitation function is, the more stringent the limitation. 

In the bottom waters, nutrient limitation was alleviated especially at the downstream 

portion of the lake, where stratification may have blocked the nutrient from being 

mixed into surface waters. 

 N and P limitations were alternately predicted (Fig. V-2). At the upper portion of 

Falls Lake during 2006, nitrogen limits phytoplankton growth the majority of the time. 

In contrast, at the lower portion of the lake, algal growth was limited by nitrogen and 

phosphorus at a similar frequency.  

 Light limitation ranged from 0.2 to 0.8 in the surface waters of the monitoring 

stations. The more severe light limitation at the upstream of Falls Lake probably is 

due to higher concentrations of TSS and chl-a there. In contrast, in the bottom waters, 

light limitation was more severe in the downstream part of the lake, where deeper 

channels exist.  

 Temperature dependency of phytoplankton growth rate follows a seasonal pattern, 

where growth rate was inhibited when water temperature is very low or very high. 

The model results suggest that the growth of blue-green algae (not shown) is more 

sensitive to water temperature (lower values were simulated for temperature limitation 

function). In contrast, diatoms appeared to be least sensitive to water temperature. 
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Fig. V-1. Model-simulated limitation functions at the surface (upper panel) and 

bottom (lower panel) layers of the monitoring stations in Falls Lake during 2006. The 

temperature limitation function shown here is for the 3rd algae group (“other algae,” 

i.e., algae species besides blue-green algae and diatoms). 



Falls Lake Nutrient Response Model Provisional Draft Report  Page 99 
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

%Time N/P Limitation 

N P
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

N P
 

Fig. V-2. Model-simulated percent of time phytoplankton is N or P limited at the 

surface (upper panel) and bottom (lower panel) layers of the monitoring stations in 

Falls Lake during 2006.  
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VI. Nutrient Reduction Scenario 

 In order to examine the response of chlorophyll-a exceedance rate to various 

levels of nutrient input in Falls Lake, scenario model runs were made under the 

following conditions: 

 

1. Nutrient reduction was applied to the five upper major tributaries: the Eno River, 

Little River, Flat River, Ellerbe Creek, and Knap of Reeds Creek. 

  As shown by Fig. VI-1, the chlorophyll-a standard exceedance rates based on 

observations of 2005-2007 were highest at the upper part of the Falls Lake. In the 

middle part of the lake, the exceedance rate became much lower and at the lower 

part of the lake near the dam area, the exceedance rates were generally below 10%. 

Model results also suggest that high chlorophyll-a concentrations in the middle 

part of the lake were often found after high chlorophyll-a concentrations occur at 

the upper part of the lake. In addition, typically greater than 60% of the river 

discharge and greater than 70% of nutrient loading are from the five upper major 

tributaries to the lake.  

2. 2006 model year was selected as the baseline year.  

  In order to save computational time and as constrained by available field data 

for model calibration, the Falls Lake model was set up to run year by year. As 

discussed in section II-2e, 2006 was recognized as the most close-to-normal year, 

and hence more representative year, as compared to 2005 and 2007, according to 

rainfall and lake level observations.  

  In addition, 2006 is also the year that more data is available, including 

discharge data provided by the newly added USGS gage station at both Ellerbe 

Creek and Knap of Reeds, chl-a data available for the entire year, and benthic 

nutrient flux data collected in April 2006. These extra data enable a better model 

representation of 2006 lake dynamics. 

3. The model cell containing NEU013B was selected as the baseline area for the 

calculation of chlorophyll-a standard exceedance rate. Model-simulated 
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chlorophyll-a concentrations at the surface and subsurface layer were averaged to 

be consistent with composite field samples collected from water columns above 

twice the secchi disk depth. 

  NEU013B is located in the upper region of the lake where high chlorophyll-a 

concentrations were observed. Upstream and to the left of NEU013B, slightly 

higher chlorophyll-a standard exceedance rate was predicted by the model, and 

downstream and to the right side of NEU013B, a slightly lower chlorophyll-a 

standard exceedance rate was predicted by the model. Therefore, the model cell 

where NEU013B is within is also a good representation of its adjacent areas.  

  NEU013B is located just downstream of the conjunction of the five upper 

major tributaries. Chlorophyll-a concentrations at NEU013B are influenced by 

nutrient input from all of the five upper major tributaries.  

  In addition, the model predicted exceedance rate very well for chlorophyll-a 

concentrations at NEU013B (Fig. VI-2).    

4. Nitrogen (N) reductions refer to reductions of total nitrogen (both organic and 

inorganic forms) and phosphorus (P) reductions refer to reductions of total 

phosphorus (both organic and inorganic forms).  

 

 Scenario model runs were made for a combination of a series of N and P 

reductions at 25%, 50%, 75%, and 100% of their original loadings. The 

model-predicted chlorophyll-a standard exceedance rates at NEU013B in response to 

different combinations of N and P reductions from the fiver upper major tributaries 

are summarized in Fig. VI-3. The 10% chlorophyll standard exceedance line is 

highlighted with a thick blue curve. 
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Fig. VI-1. Lake distributions of chlorophyll-a standard exceedance rates 

interpolated from 2005-2007 observations at the monitoring stations (indicated by 

red dots).   
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Fig. VI-2. The model-predicted and observed chlorophyll-a exceedance rates as a 

function of chlorophyll-a concentrations at NEU013B (left panel) and averaged at 

all monitoring stations (right panel). 
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Fig. VI-3. The model-simulated P&N reduction curve. 
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Appendix A. Model Bathymetry Representation 
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Appendix B. Model calibration/validation results for water temperature  

a. 2005 results (lines – model results; stars – field data) : 
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b. 2006 results (lines – model results; stars – field data) : 
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c. 2007 results (lines – model results; stars – field data) : 
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Appendix C. Model modifications 

 

 To meet the requirements and configurations for Falls Lake, the EFDC model was 

modified to better represent the system and its forcing conditions. The following lists the 

modifications made specifically for Falls Lake Nutrient Response Model:  

 

1. Wave-induced bed shear stress 

 In the upper portion of the Falls Lake, TSS concentrations were usually very high, 

ranging from 10 to above 300 mg/l. Sediment resuspension from the bottom as well as river 

input are probably the primary causes. Wave-induced sediment resuspension may be important in 

shallow areas. Wave-induced bed shear stress following Lin et al (2003) was added in the model 

to simulate sediment resuspension due to wind waves. The formulation was illustrated under 

bullet b of section II-1. The affected model subroutines include SSEDTOX. 

 

2. Time-varying atmospheric deposition  

 The available information regarding atmospheric deposition of nutrients were assessed by 

NC Department of Transportation (NCDOT, 2008). The best representation was reported to be 

time-series of wet and dry atmospheric deposition data from NADP and CASTNET (detailed 

descriptions under bullet b of section II-2). Constant depositional fluxes were required from the 

original model (WQWETTS.INP, WQDRYTS.INP). Modifications were made in order to allow 

for time series input of wet and dry atmospheric depositions. The affected model subroutines 

include RWQATM and RWQC1. 

 

3. Moving river boundary 

 During the summer months of 2005 and 2007, when drought condition occurred, many 

upstream cells were marked as dry cells, not allowing flows coming from or going into the cell 

when the cell depth fell below a critical value. When such condition occurred at the river 

boundary cells in the Falls Lake Model, pollutant delivered into the dry cell will be blocked from 

moving downstream. To avoid such blockage, a moving river boundary was built into the model. 

An array representing the channel cells from each tributary into the lake was read in from an 
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input file (QIJMV.INP). If the river boundary cell was marked as dry, its corresponding 

downstream cells were evaluated one by one until a wet cell was found, and that wet cell served 

as the new river boundary cell. The model subroutines affected by this modification include 

RWQPSL, CALBAL3, BUDGET3, CALTRWQ, CALLQS2, CALFQC, CALQVS, CALQS2, 

CALTRANQ, CALTRANI, CBALEV3, and CBALOD3. 

 

 

Reference: 

Lin, J., H.V. Wang, J.H. Oh, k. Park, S. Kim, J. Shen, and A.Y. Kuo (2003), A new approach to model 
sediment resuspension in tidal estuaries, Journal of Coastal Research 19(1): 76-88. 

NCDOT Highway Stormwater Program, (2008), Summary of atmospheric deposition data available for 
modeling nutrients in the Falls Lake, North Carolina, watershed, Draft Report, May 5, 2008. 
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Appendix D. Model Review Response 

 
Draft Falls Lake Model documentation was released to Falls Lake Technical Advisory 
Committee (TAC) on March 23, 2009. A complete copy of the model, including model input 
files, model code, model executable, model output, and data files, was released to TAC members 
who requested it on April 1, 2009.  
 
During the model review period, the North Carolina Department of Transportation (DOT) 
contracted with TetraTech to conduct a thorough review of the lake model. DOT submitted their 
review comments, together with a report from TetraTech, on May 29, 2009. 
 
In summary, three key recommendations were made by TetraTech: 
 
1. During 2006, rainfall input was based on station “Clay.” Station Clay is not a good 
representation of the "wet" year of 2006. Data from "RDU" should be used. 
 
Response:  
When modelers from Modeling & TMDL Unit (MTU) of DWQ requested data from the State 
Climate Office, RDU station seemed to have more missing data than Clay; therefore, data from 
Clay were initially used.  
 
DWQ acknowledges that rainfall recorded at RDU may be a better representation of what 
happened in the lake area during 2006. The input file was re-generated based on RDU data and 
data from station Reed (Reedy Creek) were used when missing data were reported for RDU.  
 
2. For dry atmospheric deposition, NH4 flux suggested by a multi-layer-model from CASTNET 
show much lower values than what the lake model used. 
 
Response:  
Literature values from research work at NCSU were originally used for the estimation of 
depositional velocity, hence the model input of NH4 atmospheric depositional flux. As suggested 
by TetraTech, the dry deposition input file was re-generated for the model (2005-2007) based on 
the MLM weekly output from CASTNET. 
 
3. Uncertainty analysis and explicit definition of model goal is needed. 
 
Response: 
Discussions were added to the report. 
 
 
The current draft report reflects model results after the above modifications were made. The 
reported model scenario runs are based on the newly modified model. 
 




